Spherical indentation problems of ceramic coatings/metallic inter-layer/ductile substrate were investigated numerically by axisymmetric FEA for two typical ceramic coatings with relatively high and low elastic modulus deposited on aluminum alloy and carbon steel. The fracture mechanics of the ceramic coatings due to occurrence of surface ring cracks extending traverse coating thickness under spherical indenter were considered under the framework of linear fracture mechanics. The J-integral associated to such cracks was computed. The evolution of J-integral versus crack length and indentation depth was studied. The results show that metallic inter-layers can improve the fracture resistance of the ceramic layer under the same indentation conditions.
INTRODUCTION

Fig.1 Contact zone with a typical ring crack.
The ring or circumferential cracks are usually observed in ceramic coatings under indentation. The results of the stress analysis in the Part I [1] show that the maximum tensile stress occurs just out side the contact zone. The interlayer can also reduce plastic damage in the substrate. Experimental results suggest that ring cracks will propagate through the coating thickness during indentation and locate outside contact zone [2, 3] . Fracture behavior of ceramic coatings under indentation has been treated mostly by finite element method [4] [5] [6] . Therefore, this study focuses on the influence of the inter-layer on the J-integral associated to such cracks in order to estimate the roles of interlayer in fracture resistance of coating systems. The computational model, materials properties, and geometric dimensions for fracture analysis in this paper are similar to those adopted in the part I [1] of this study. A schematic of the problem is illustrated in Fig. 1 . A pre-existing cylindrical crack of length c located at a radius R c is modeled. R c /R=0.077, R/t=60, and steel substrate are chosen for modeling here. For displacement controlled condition, a maximum indentation depth, h/t=0.2 was used. For the load controlled condition, normalized indentation loads, P*=13.10 -5 and P*=5.10 -5 , were applied for E f =174GPa and E f =480GPa, respectively. These normalized indentation loads give an indentation depth, h/t~0.2, for two ceramic coating systems (E f =174GPa and 480GPa) without interlayer. It was indicated by the results obtained in Part I [1] that the normalized contact * is interlayer thickness-coating thickness ratio, t* radii a/R for the non-cracking coating systems at these indentation depths are slightly lower than the chosen value of R c /R cited above. The J-integral is computed automatically by finite element code MARC/MSC [7] .
NUMERICAL PROCEDURE
1 Maximum J-integral values (in 10 3 J/m2) related to ring crack (t
EVALUATION OF J-INTEGRAL AS A FUNCTION OF INDENTATION DEPTH OR CRACK LENGTH
The variation of J with crack length is plotted in Fig. 2 for displacement controlled conditions. J-integral increases dramatically in the first step, reaches a maximum value when crack length c/t takes the values between 0.25 and 0.35, and then decreases gradually with crack length. This phenomena correlates with the results of K. Sriram et al. [6] for ring crack on the TiN coating deposited on steel. For shallow cracks (c/t<0.25-0.35), although radial tensile stress is decreased through coating thickness, J-integral is increased due to the increase of shear stress. Therefore, fracture process of shallow cracks is controlled by mixed mode. The decrease of J with crack length for deep cracks is caused by the fact that the shear stress decreases and the radial stress becomes compressive. Hence, only mode II affects crack growth for these cracks. For c/t<0.5, the interlayer reduce significantly value of J-integral. For 0.5<c/t<0.75, the J-integral is almost the same in system with interlayer and without interlayer.
The metallic interlayer does not change dramatically global shapes of the J-integral versus crack length curves (Fig. 2) . However, the interlayer can reduce J-integral values. This reduction is increased as increasing the interlayer thickness, since the presence of interlayer can reduce radial tensile stress in the coating systems. This reduction is higher for coatings on aluminum substrate than that on steel substrate. In all studied cases, the J-integral reach its peak value at crack length falling between c/t=0.25 and c/t=0.35. The inter-layer can reduce the peak value of J environ 25-30% compared to coating/substrate without inter-layer, and hence can improve the fracture resistance of coating systems under the same indentation conditions (Table 1) .
